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BK potassium channels regulate spike width and firing rate. A BK point mutation in humans enhances
channel activity, leading to epilepsy. In this issue of Neuron, Yang and colleagues use this mutation to
demonstrate that channel opening is determined by the flexibility of a region that contains a Ca2+-binding
site.It usually does not take much to open an
ion channel. The families of voltage-
dependent channels devote one trans-
membrane segment, comprising 23
amino acids, to sensing transmembrane
voltage. A shift in the position of this
segment is sufficient to convey this infor-
mation to the rest of the molecule,
producing channel opening. Cyclic-nucle-
otide-gated channels allot a segment
(120 aa) of their rather small cytoplasmic
C-terminal domain to binding cGMP
or cAMP, and this binding opens the
channel. Small-conductance calcium-
activated potassium channels (SK) have
relegated the decision on whether to
open or not to the small ancillary subunit
calmodulin, which binds the cytoplasmic
C terminus. Like the other channels, this
C-terminal domain is relatively small
compared with the six-transmembrane
pore-forming domain of the channel.
A striking exception to this relative
simplicity is the large-conductance Ca2+-
activated channel, also termed the BK or
maxi-K channel, which is encoded by
the Slo1 gene. Experiments to establish
the sites at which Ca2+ binds and the
mechanisms of channel gating have a
long and checkered history. In part, this
is because BK channels are gated not
only by Ca2+ but also by voltage, and their
cytoplasmic C terminus is extraordinarily
large (800 aa), containing multiple Ca2+-
binding sites. Each of the four subunits of
the tetrameric channel has two domains
known as RCK domains (regulator of K+
conductance) in the C-terminal region
(Figure 1). One Ca2+-binding site exists
in RCK1 and another in the ‘‘Ca2+ bowl’’
of RCK2 (Salkoff et al., 2006). Opening
of the channel by Ca2+ requires linking
the pore of the channel to these calcium
sensors through the S6 linker, while volt-age sensing occurs, as in other voltage-
dependent channels, through the S4-S5
transmembrane helices. The gating pro-
cesses sensitive to voltage and to Ca2+
have been shown to operate indepen-
dently at extreme positive and negative
voltages, respectively, indicating that it
is possible to study these two pathways
separately. The nature of the conforma-
tional changes in the cytoplasmic domain
that occur when Ca2+ binds has, however,
not been identified.
In humans, a single amino acid muta-
tion of the BK channel (hD434G)
enhances the ability of Ca2+ to open the
channel, leading to generalized epilepsy
and paroxysmal dyskinesia (Du et al.,
2005). New insight into the protein
dynamics of Ca2+ gating is provided in
this issue by Yang et al. (2010) who
carried out a rigorous study of the corre-
sponding mouse mutation (mD369G).
This mutation is located in the so-called
AC region (bA-aC secondary structures),
which corresponds to the N-terminal 76
amino acids of RCK1 (Figure 1). Using
a variety of experimental and theoretical
approaches, they demonstrate that the
enhanced BK channel activation in the
mutant results from reduced flexibility of
the AC region. Interestingly, the results
demonstrate that although the D369G
mutation is in close proximity to the
D367 Ca2+ binding site in the AC region
of the RCK1 domain, it is not Ca2+ binding
that is affected by the mutation but rather
the allosteric coupling between Ca2+
binding and channel opening.
One satisfying aspect of the findings is
that they have revealed more of the
‘‘modular’’ nature of the BK channels.
Previous studies have shown that, when
independent parts of the BK channel are
coexpressed as separate proteins, theyNeuroncan come together in cells to form
functional channels (Wei et al., 1994;
Schreiber et al., 1999). The present exper-
iments use structural perturbations, such
as various point mutations of D369,
coupled with environmental perturbations
such as changes in intracellular viscosity,
to identify the AC as an independent func-
tional element in the D367 Ca2+-binding
pathway.
Until very recently, the only structural
image we had of RCK domains was of
those in the bacterial MthK channel. As
a result, mechanistic interpretations of
structure-function studies on the BK
channel, such as those of Yang et al. pre-
sented here, have had to be qualified. A
very recently published X-ray crystallog-
raphy study has, however, provided the
structure of the human BK cytoplasmic
domain in what is believed to be the
open state (Yuan et al., 2010). The X-ray
data have identified the positions of
D369, D367, and five other residues that
correspond to a specific class of human
mutations that cluster in the AC region
and that affect BK channel function.
These residues face the voltage sensor
within the channel transmembrane do-
mains and lend further credence to the
notion of the AC region as a pivotal link
in the gating mechanism.
Why does the human D434G mutation,
which enhances BK channel opening,
lead to epilepsy? In contrast to neurons
that have participated in seizure activity
(Sheehan et al., 2009), pharmacological
blockade of BK channels in normal neu-
rons typically leads to spike broadening,
repetitive firing, and enhanced transmitter
release, suggesting that a physiological
role for BK channels is to act as a
brake on excitability when Ca2+ levels
rise (Faber and Sah, 2003). If that is the66, June 24, 2010 ª2010 Elsevier Inc. 817
Figure 1. Schematic Diagram of the Cytoplasmic C-Terminal
Domain of One of the Four Subunits of a BK Channel
Regions important for Ca2+ gating, starting from the N terminus, are the
S6 linker (blue rectangle), RCK1, AC region, RCK2, and the putative
Ca2+-binding sites: D367 and the ‘‘Ca2+ bowl.’’ The D369G mutation,
blue circle, in the AC region of RCK1 couples (circular arrow) only to
the D367 pathway and enhances channel activity by reducing protein
flexibility.
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Previewscase, enhanced channel open-
ing should dampen neuronal
firing. Moreover, pharmacolog-
ical activation of BK channels in
normal animals does not cause
seizures (Gribkoff et al., 2001).
Two potential resolutions of this
dilemma are (1) that the mutant
BK channels may function selec-
tively within inhibitory neurons
or (2) that in certain neurons,
the narrowing of action potential
width due to increased BK
channel activation facilitates
high-frequency firing (Brenner
et al., 2005; Gu et al., 2007), as
is the case for other rapidly
gating K+ channels (Kaczmarek
et al., 2005).
A third intriguing possibility is
that the mutation that potenti-
ates Ca2+ sensing has additional
unpredicted effects on BK chan-
nels in their native environment,
perhaps even producing an
effective decrease in current in
some cells. Thus far, the D369G
mutation has only been studied
in transfected cells and oocytes.
The kinetics of channel activa-
tion by changing Ca2+ levels at
the cytoplasmic face of a mem-
brane patch from transfected
cells are likely to differ substan-
tially from those in response to
changes in Ca2+ within nanodo-
mains during action potentialfiring. Future studies to resolve this might
require the generation of mice that bear
the D369G mutation, which would extend
the utility of the D369G mutation from
its application to BK structure-function
studies to answering key questions on
how BK channel activity is integrated
with that of other channels to control the
intrinsic excitability of neurons.818 Neuron 66, June 24, 2010 ª2010 ElseviePerhaps it is because of the complexity
of calcium binding and transduction into
channel opening that there exists only
a single gene for BK channels. This is in
sharp contrast to nearly all other types of
ion channels in mammals, which exist in
families of 4 to over 40 members, each of
which has a slightly different sensor for
gating by voltage or cytoplasmic ligands.r Inc.Instead, diversity in BK channels
is generated by alternative
splicing and through binding of
b subunits. It seems that nature
hasdecided it is safernot to tinker
with the basic gating mechanism
for this unique channel.REFERENCES
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